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I ABSTRACT 

It has been observed in experimental investigations involving venti- 

lated flows with submerged hydrofoils that complete ventilation becomes 

increasingly difficult to obtain as the speed and depth of submergence 

of the hydrofoil are increased. An exploratory investigation of this 

difficulty has shown that the spray sheet& that form above the water 

surface, 'on blunt struts intended to induce ventilation, are the primary 

cause of the limited ventilation. 

in these spray sheets they are drawn together by small pressure differ- 

entials created by the air in the cavities being carried away by entrain- 

ment in the water. 

Because of the relatively low momentum 

It has been shown that the degree of ventilation can be appreciably 

increased by using small deflectors to apply an outward velocity to the 

spray sheets. However, complete ventilation was not realized and it 

appears such ventilation may only be possible at relatively shallow 

submergences . 

I1 INTRODUCTION 

Ventilation is an interesting and important flow phenomenon which 

has been associated with hull steps for acme time. However, only 

i 
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recently with the renewed interest in hydrofoil supported craft and the 

advent of hydro-skis has much effort been made to understand it. 

ventilation is meant the entrance of air from the atmosphere to l o w  pres- 

sure areas on lifting surfaces or bodies operating in water. 

in ventilation has been primarily in connection with seaplane hull steps, 

hydrofoils, hydro-skis, and submerged bodies. However, ship hulls, 

rudders, and propellers are also susceptible to this phenomenon. 

By 

Interest 

When ventilation occms, areas which previously were experiencing 

low pressures are subjected t o  the relatively hi@ atmospheric pressure 

01: pressures approaching atmospheric pressure. This results in significant 

chctnges in the f l o w  patterns and the force characteristics of the elements 

jnvolved. 

static equilibrium. 

unventilated condition before equilibrium is reached and instability 

occurs. 

of a seaplane, heaving, yawing or stumbling of a hydro-ski or hydrofoil- 

equipped craft or vibration of propellers and rudders. 

These force changes may result only in a simple change in 

However, in many cases the flow reverts to the 

Such instabilities may be mmifested as porpoising or skipping 

Ventilation is also of interest i n  connection with supercavitating 

hydrofoils operating near the water surface since the fully ventilated 

condition is analogous to the zero cavitation number case. As a matter 

of fact data for the zero cavitation number case are obtained in towing 

tanks by inducing ventilation. The cavitation number ie the parameter 

Po - pc 
defining cavity flow and is a = where po is the free-stream 

Q 
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static pressure, pC is the Pressure in the cavity, and q I s  the 

free-stream dynamic pressure. In unventilated cavity flow, where pc 

is equal to the vapor pressure of water, zero cavitation nuniber requires 

the dynamic pressure to be infinite which m e a n s  infinite Speed. 

the cavity is vented to the atmosphere, 

o r  at fiballow drafts equal to 

When 

pc is atmospheric pressure 

po and the cavitation number is zero. 

The lift-drag ratios of hydrofoils designed for supercavitating 

flow are generally depreciated if operated in the fully wetted condition. 

Therefore early ventilation may be of interest for efficiency as well 

as stability reasons when supercavitating hydrofoils are required for 

high-speed applications. 

similarity with Froude models in towing tanks. 

concerned with the case of a fully submerged supercavitating hydrofoil 

operating i n  the ventilated condition. In particular, flow conditions 

which influence the degree of ventilation of the hydrofoil are discussed. 

Ventilation may also be used to provide flow 

This paper is primarily 

I11 EXAMPLES OF VENTILATION 

It has been established (ref. 1) that l o w  pressure on a hydrofoil 

is not a sufficient requirement for ventilation but that separation of 

the hydrofoil boundary layer is 8160 required. It has a160 been found 

that separation of the boundary layer is greatly retarded by the presence 

of the free water surface. 

3 

On surface piercing hydrofoils and struts ventilation generally 

occurs, as might be expected, by air entering along the hydrofoil from 

. ,  
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t h e  water surface. 

of ventilation have been carried out by several investigators ( see 

refs .  1 t o  6) .  

ventilated. 

havine; an NACA 64A-series a i r f o i l  section. 

ventilated area extends from the water surface t o  a point near t h e  t i p  

of the  hydrofoil. 

of the area of boundary-layer separation. 

started at  the water surface when the separated area extended t o  the 

water surface and rapidly travelled toward the t i p  of the hydrofoil. 

The Cavity on the  tiydrofoil i e  open direct ly  t o  the atmephere and is 

very long. 

Experimental atudies in connection with t h i s  type 

Figure 1 i a  an exRmple of such a hydrofoil that  has 

!ibe photograph is of a surface piercing dihedral hydrofoil 

It can be seen that t h e  

In reference 1 t h i s  region was shown t o  be the extent 

Ventilation in t h i s  case 

On fu l ly  submerged l i f t i n g  surfaces, however, ventilation has been 

In such cases the air  is found t o  occur through the t r a i l i ng  vortices. 

fed t o  the low pressure separated areas on the  l i f t ing surface through 

paths provided in the vortex core. 

has been investigated in connection with experimental studies of hydro- 

skis  operating i n  the f u l l y  submerged condition (refs .  7 t o  9). 

shows development of vortex ventilation on a flat  plate  having an aspect 

r a t io  of 0.25. 

sure in the vortex core has ventedto the atmosphere. The air appears 

t o  enter the vortex a t  the turbulent area at the base of the roach and 

extends t o  a point w e l l  forward but not i n  contact with the plate.  

lower photograph shows the flow after the aeration of the vortex core 

Ventilation through the vortices 

Figure 2 

The upper photograph shows the flow after the low pres- 

The 
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had moved progressively forward until it contacted the separated area 

on the plate and complete ventilation occurred. 

completely from the leading edge of the surface and the cavity is open 

to the atmosphere. 

The flow has separated 

Ventilation through the separated area behind a blunt-based strut 

has been used in connection with experimental studies of supercavitating 

hydrofoils operating in the fully submerged condition. In these studies 

experimental data were being obtained for correlation with a recently 

developed theory (ref. 10) for calculation of the force characteristice 

of supercavitating hydrofoils at zero cavitation nuniber. 

number wae obtained by increasing the cavity pressure to atmospheric 

pressure by inducing ventilation. To accomplish this the hydrofoils 

were mounted on a blunt-based parabolic strut. The separated area at 

the base of the strut results in a ventilated cavity behind the strut. 

When a supercavitating hydrofoil le mounted on such a strut the cavity 

behind the strut provides a path for large quantities of air to enter 

the l o w  pressure vapor cavity developed by the hydrofoil. If the vapor 

cavity were not ventilated, it would be limited in size as shown in the 

photograph of figure 3.  Both photographs in figure 3 were taken sinnil- 

taneously. 

lower one is an underwater side view. The hydrofoil is mounted on a 

streamlined strut which does not provide a path for slr  to reach the 

vapor cavity. 

provided by the use of a blunt-baaed parabolic strut, the cavity produced 

Zero cavitation 

The upper one was taken from above the water surface and the 

As shown in figure 4, when a path for atmspheric air  is 



I 

increased from vapor pressure of about 50 pounds per square foot t o  CI 

IV INCOMPLETE VENTILATION 

In the  investigation mentioned above the correlation between theory 

and experiment was not as good a t  the higher speeds and greeter depths 

of submergence as it w a s  i n  the lower ranges of these parameters. 

Measurements of the cavity pressures showed these pressures t o  be less 

than atmospheric for  these higher range conditions. The cavitation num- 

bers based on these measured cavity pressures were, of course, greater 

than  zero and resulted i n  force characterist ics different  fromthose 9 

predicted by the theory f o r  the zero cavitation number case, and the 

data were not suitable f o r  d i rec t  correlation with the theory. 

When the ventilated submerged l i f t ing surface i s  operating near 

t h e  f ree  water surface the cavity can readily intersect  the water surface 

and gain complete access t o  the amsphere .  

t i o n  i s  sham i n  the lower photograph of figure 2. 

The flow f o r  such a condi- 

However, as the 

submergence of the l i f t ing  surface increases, the cavity length required 

t o  reach the water surface increases and it becomes increasingly d i f f i -  

cult  for  the cavity t o  gain complete access t o  the atmosphere. There- 

fore at the deeper submergences the role  of the blunt s t r u t  t o  provide 

a path for the ventilating air increases t o  the point where a l l  the air 

. 

: I  
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entering the hydrofoil cavity enters through the cavity provided i n  the 

s t r u t  wake. 

Since the cavity behind the s t r u t  KRB the passage through which 

a i r  must flow t o  the  hydrofoil cavity it was apparent that  t h i s  path 

-8 inadequate. 

it had been considered the cavitation number here would be zero and the 

cavity therefore would theoretically be inf in i te ly  long. Such cavities 

have been approximated behind cylinders, blunt-based struts,  and 

surface-piercing hydrofoils and would be expected t o  provide ample 

ventilation. 

revealed that t h i s  was not the caae. 

open length a t  the water surface as expected, the cavity prof i le  was 

inverted with a small open length occurring at  the water surface. 

a s t r ic ture  i n  the path fo r  t h e  ventilating air would be expected t o  

caufie the limited ventilation being experienced. 

Since the pressure at  the water surface I s  atmospheric, 

Photographe of the fluw such as that presented i n  figure 3 

Instead of a cavity with a large 

Such 

V VENTIIATION STRIcmTRE 

The relat ively th in  fi lm of water running up the sides of the strut 

above the  water surface appeared to  be the most probable cause of t h i s  

s t r ic ture  i n  the  ventilation path. 

cavi t ies  behind the s t r u t  and the hydrofoil, there must be a f l o w  of 

air into the cavity. 

ence; therefore, the pressure in t h e  s t r u t  cavity is less than atmospheric. 

This being t h e  case there is  a pressure d i f fe ren t ia l  operating on the  

Since air is being entrained i n  the 

This flow can not occur without a pressure differ-  
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spray sheets coming off the strut and forming the mouth of the cavity. 

This pressure differential would tend to bring the sypray sheets together. 

The pressure differential (see fig. 6) between the atmospheric pres- 

sure po and the cavity pressure p, acts normal to the spray sheet 

of width w and mass density P. The pressure differential accelerate6 

the sheet toward pc. This acceleration is: 

Po - pc a =  
PW 

and is constant. The acceleration of a particle in a curved path is: 

where V is the velocity of the particle and R is the radius of it8 

path so: 

Equation ( 3 )  may be rewritten as: 

where the first term is the cavitation number a. This give8 

( 3 )  

(4) 

( 5 )  

Assuming V, 

on the spray sheet, 

(po - pc), and w to be constant, for a given elevation 

R will be constant so the path will be a circle and: 

x , =  4 -  
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the cavity enclosed by the  spray sheet at  a given elevation 

i s  the  value of x where y = R - - t therefore: 
2 

xc - - /q (7) 

Combining equation (7) w i t h  equation ( 2 )  gives: 

or  

This relationship i s  presented graphically i n  figure 7. It can be 

seen that the  length of the cavity behind a s t r u t  may be quite limited 

fo r  what would appear t o  be reasonable spray thicknesses. 

be noted tha t  a t  a given speed i f  the air entrainment rate i n  the cavity 

should increase the cavity pressure w i l l  decrease causing an increase i n  

cavitation number and a consequent reduction i n  the a i r  passage area at  

a time when more air is  required. However, t h i s  reduction i n  pressure 

w i l l  generally resu l t  i n  an increased velocity of the air entering the  

cavity t o  compensate in  some degree fo r  the decrease i n  area. 

Also it should 

VI EXPERIMENTAL INVESTIGATION 

In  an e f fo r t  t o  bet ter  understand the cause8 of the  ventilation 

s t r ic ture  an exploratory experimental investigation was made in  tank no. 1 
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and the high-speed hydrodynamics f a c i l i t y  a t  the NASA Langley Research 

Center. 

up t o  230 f ee t  per second a t  angles of attack of bo and 8O and at depths 

of submersion of 0.5, 1.0, and 1.5 hydrofoil chords. Underwater and 

above water photographs were taken of the  cavity flows. 

the base of the strut were  measured by means of w i r e  strain-gage pressure 

transducers i n  conjunction w i t h  short air-fi l led tubes having or i f ices  

a t  the locations shown i n  figure 8. 

The hydrofoil and s t ru t  shown i n  figure 8 were towed a t  speeds 

Pressures at 

The f ac t  that the spray sheet closes and resu l t s  i n  a s t r ic ture  i n  

t h e  ventilating path is shown i n  the  sequence photographs of figure 9. 

The hydrofoil. is at an angle of attack of 8' and a t  a depth of submergence 

of 1.0 hydrofoil chord. The f i rs t  photograph (12 f p s )  shows the separated 

spray sheets coming off the sides of the s t ru t .  The base of the hydrofoil 

and i ts  t r a i l i ng  vortices are  ventilated by air flowing through the  cavity 

formed behind the s t ru t .  

a t  a point close t o  the base of the strut. 

surface w a s  apparently not significantly influenced by t h i s  extent of 

s t r ic ture .  A t  14 f p s  the  spray sheets have drawn together a t  a point 

s t i l l  closer t o  the strut. A t  15 f p s  the spray sheets appear t o  have 

drawn together almost immediately behind the s t ru t .  

the air being entrained i n  the s t ru t  and hydrofoil cavi t ies  was smal l  

enough t o  be readily supplied w i t h  l i t t l e  pressure d i f fe ren t ia l  required 

t o  carry it into the cavities.  

t i a l l y  atmospheric and the cavitation nuniber is essent ia l ly  zero. 

A t  13 fps the spray sheets have drawn together 

The cavity below the  water 

Apparently at 12 fpe 

The cavity pressure therefore ie essen- 

As . 
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the speed increases the entrainment ra te  is increased so that more a i r  

i s  required. 

cavi t ies  which increases the velocity of the a i r  entering the cavi t ies  

but also causes the spray sheets t o  draw together sooner. An equilib- 

r i u m  condition is arrived at whereby the a i r  being entrained is supplied 

through a smaller area but at a higher velocity t o  a cavity at a lower 

pressure.. Since the cavity pressure i s  reduced the cavitation number 

i s  no longer zero. 

di t ions develop but at increasing cavitation numbers. 

The demand for  more a i r  resul ts  i n  a pressure drop i n  the 

Ae the speed increases further new equilibrium con- 

Low speeds were considered i n  figure 9 t o  demonstrate the closure 

of the spray sheets. The speed range of practical  interest  is of course 

much higher. 

between 60 and 250 fps. 

graph from which the lengths of the cavities behind the strut were meas- 

ured. Typical pressure distributions i n  the cavity behind the s t r u t  

are presented i n  figure 10. The pressure decrements i n  the cavity with 

respect t o  the atmospheric pressure are presented as a function of the 

The principal data were therefore obtained at speeds 

Figure 5 presents a typical  underwater photo- 

depth below the water surface in percent of suhnerged span. 

distributions are presented for  three speeds: 

and 242.1 fps fo r  the hydrofoil at  an angle of attack of 4' and a depth 

Pressure 

64.5 fps, 118.2 fps, 

of submergence of 1.0 hydrofoil chord. 

"he pressures in the cavity were l e s s  than atmospheric at a l l  

speeds, with the decrement Increasing approximately 8 s  the square of 

the speed. The fac t  that the cavity pressures were less than atmos- 
I 

pheric indicates that camplete ventilation was not being achieved. 
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However, the cavity pressure6 were a l w a y s  appreciably higher than the 

vapor pressure of the water. "his would therefore reduce the prof i le  

drag of the s t r u t  and the hydrofoil over that for  the unventilated 

condition. The f a c t  that the cavity pressures were decreasing with 

increasing speed Indicates that the r a t io  of the air required t o  main- 

t a i n  a near-zero cavitation number t o  that being provided was  increasing 

with speed. 

reducing the cavitation number decreased with increasing speed. 

In other words the effectiveness of the ventilatioq i n  

A t  the two lower speeds the pressure in the strut cavity w a s  lower 

at the w a t e r  surface than a t  the greater depths. 

expected since as seen in figure 5 the cavity expanded below the w a t e r  

surface due t o  the increasing effective thickness of the water being 

deflected. The increasing cross section of the cavity formed a dif-  

fuser result ing In a pre6sure r i s e  since the velocity of the ventilating 

air w a s  subsonic. 

w a s  greater at the water surface than at the greater depths. 

resul ts  from the f ac t  that the pressure r a t io  across the spray region 

a t  the water surface was l e s s  than the c r i t i c a l  pressure r a t i o  and this 

region formed a supersonic nozzle so that the pressure decreased i n  the 

supersonic diffuser formed by the expanding cavity below the water 

surface. 

This is 88 would be 

A t  the higher epeed the pressure in the strut cavity 

This 

The lowest point on the pressure distributions was obtained in 

the hydrofoil cavity. 

behind the hydrofoil was greater than that behind the strut. 

A t  the two luwer speeds the pressure decrement 

The 
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opposite was the case at the higher speed. A t  the lower speeds for  the 

angle of attack of 4' the hydrofoil was wetted except a t  the base while 

at the higher speed only the lower surface was wetted and a cavity 

extended over the upper surface fran the leading edge of the hydrofoil. 

This change i n  cavity configuration probably resulted i n  different air 

entrainment conditions and a consequent different local pressure. 

Computation of the apparent ra t io  of the spray thickness a t  the 

water surface t o  the strut thicknese 

ments and the cavity lengths at  the water surface indicated in  general 

a constant m u e  of w / t  

investigated. For the strut used this w / t  l e  a thickness of about 

0.43 inch. while this may appear t o  be thick it must be realized that 

the t ransi t ion fram the horizontal water surface t o  the ver t ical  spray 

sheet would be expected t o  be a concave fair ing or cove. 

length at  the apparent water surface seen by the underwater camera is 

i n  this region. Close inspection of the photograph in figure 3 shows 

that the cavity length appears t o  start a rapid decrease In length i n  

the proximity of the apparent water eurface. 

the spray sheet w a s  thinning rapidly a6 would be expected i f  a cove 

were present. 

w / t  from the pressure measure- 

of about 0.75 f o r  the range of conditione 

The cavity 

Thie would Indicate that 

Since the pressure In the strut cavity did not vary greatly with 

depth (see f ig .  10) the change in cavity length must be primarily due 

t o  an increase in the effective thickness of the water being affected 

by the pressure differential end an increase in the local  water velocity. 
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A t  some depth the effective thickness and the loca l  water velocity should 

approach that fo r  the inf in i te  medium case and the cavity length should 

therefore approach that f o r  the case of a two-dimensional strut. 

8 

The 

length of a cavity for a two-dimensional s t r u t  is  defined i n  reference 11 

as 

where t 

was considered t o  be approximated by the thickness of the parabolic 

i s  the maximum width of the cavity which i n  the present case 

s t ru t .  

f o i l  cavity w a s ,  fo r  those conditions where t h i s  length w a s  suff ic ient ly  

The length of the s t r u t  cavity where it intersected the hydro- 

short t o  be i n  the field of the camera, found t o  be i n  good agreement 

with that predicted by reference 11. The r a t i o  of the cavity length 
a 

at the water surface measured from the photographs t o  the length pre- 

dieted by equation (8) w a s  i n  general found t o  be constant at  a value 

. 

of about 0.11 fo r  the range of.condition6 investigated. The tendency 

for t h i s  r a t i o  t o  be constant for all depths of subnersion, angles of 

attack, and speeds is  not completely understood. 

No means are available t o  predict the cavity pressure or  how it 

would vary with the various parameters involved. Certainly a balance 

between the rate at which the water entrains away the air In the cavity 

and the volume of air inflow permitted by the s t r i c tu re  formed by the 

spray sheets must ex is t .  However, it seems tha t  there may be several 

combinations of conditions tha t  would provide t h i s  balance. Further 

. 
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investigation w i l l  be necessary to  provide a method of predicting cavi- 

ta t ion numbers fo r  submerged hydrofoils supported by blunt based s t ru ts .  

However at high speeds the cavitation number and therefore the profile 

drag of the s t ru t  and bydrofoil w i l l  always be reduced by ventilation 

even i f  t h i s  ventilation is not complete. 

VI1 METHOD OF IMPROVING VENTILATION 

Since the spray sheet appears t o  be a prlmary factor i n  determining 

the extent of ventilation it would be expected that small changes 3n the 

spray sheet direction might result  i n  large changes i n  the degree of 

ventilation. 

spray deflectors (see f ig .  8) having a base of 0.2 of the s t r u t  thick- 

nes6. These deflectors were installed on both sides at the aft end of 

the strut. They extended below the w a t e r  surface a distance equal t o  

the strut thickness and far enough above the water surface t o  deflect  

the en t i re  spray sheet. 

This possibil i ty was investigated by using 45O triangular 

Figure 11 is a photograph of the effect  of such s t r i p s  at a speed 

of 16 fps. 

a fully ventilated parabolic shaped cavity w a s  formed t o  t h i s  depth 

behind the s t ru t .  

i n  the s t r u t  cavity. 

shows, however, that the s t r i c tu re  wa8 not nearly 88 severe as without 

the s t r i p s  even at t h i s  slightly higher speed. 

The spray was deflected the ful l  length of the s t r ip s  and 

Jus t  below the s t r ips  a s t r ic ture  was  again formed 

Canparison with the last photograph of figure 9 
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It is  believed that  a thin sheet of water tha t  w a s  eaeily deflected 

by the pressure different ia l  present w a s  formed at  the discontinuity at  

the b o t t m  of the s t r i p s  and formed the s t r ic ture .  This could be at 

leas t  minimized, if not eliminated, by a warping of the s t r ip s  so the 

deflecting angle was reduced t o  zero i n  a continuous curve. 

45O angle apparently was more than was required t o  deflect  the spray 

and should be reduced t o  a minimum t o  reduce the profile drag of the 

s t r u t .  

required t o  deflect the uppermost portion of the spray with this angle 

being reduced t o  zero at a r a t e  proportional t o  the increase i n  the 

effective thickness of the spray sheet. 

The 

An optimum s t r i p  design would be one that had the minimum angle 

The influence of these spray s t r ip s  i s  shown i n  figure 12 where 

pressure distributions i n  the cavity behind the s t ru t  are presented for  

similar conditions but with and without the spray deflector s t r ip s  

installed.  

of attack of Bo and the upper surface was enclosed i n  a cavity as at 

the higher speed of figure 10. With the s t r ip s  installed the cavity 

pressure was essentially atmospheric at the water surface and w a s  con- 

siderably closer t o  atmospheric pressure at  the greater depths tkpn 

without the s t r ips .  

a t  mean depth was 0.018 with the s t r ips  and 0.068 without the s t r ips .  

The data presented i n  figure 12 were obtained a t  an angle 

The cavitation number based on the cavity pressure 

The basic pressure distribution behind the s t r u t  with and without 

the s t r ip s  installed ~ 8 6  the same as that for  the two lower speeds in 

figure 10 as would be expected eince the c r i t i c a l  pressure r a t io  had 
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1.1' f .  been attained. 

however was ,  as w a s  the  case i n  figure 10 a t  the higher speed, less 

than tha t  behind the s t ru t .  

The pressure decrement at the base of the hydrofoil 

V I 1 1  CONCLUDING REMARKS 

It has been observed i n  experimental investigations involving venti- 

la ted flows w i t h  submerged hydrofoils tha t  complete ventilation becomes 

increasingly d i f f i cu l t  t o  obtain as the speed and depth of submergence 

of the hydrofoil are increased. 

d i f f icu l ty  has shown that the spray sheets that form above the water 

surface, on blunt s t r u t s  Intended t o  induce ventilation, are the pr l -  

mary cause of the limited ventilation. Because of the relat ively low 

momentum i n  these spray sheets they are drawn together by small pree- 

sure d i f fe ren t ia l s  created by the a i r  i n  the cavi t ies  being carried 

away by entrainment i n  the water. 

An exploratory investigation of t h i s  

It has been shown t h a t  the degree of ventilation can be appreciably 

increased by using small deflector6 t o  apply an outward velocity t o  the 

spray sheets. However, complete ventilation was  not realized and it 

appears such ventilation may only be possible at re la t ively shallow 

submergences. 

Further investigation w i l l  be necessary t o  provide a method of 

predicting cavitation numbers for submerged hydrofoils supported by 

blunt-based struts. 
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(a) Above water view. 

Vapor cav i t i e s  l L k \  

(b) Underwater side view. G 5 9  - 3083 

Figure 3.- Photographs of hydrofoil and etreamline strut with vapor 
. cavities. 
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( b ) Underwater 8 ide view. L-59-3084 
Figure 4.- Photographs of hydrofoil and blunt-based strut with 

ventilated cavities. 
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Figure 7.- Variation of strut cavity length with spray thickness and 
cavitation number. 
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Figure 11.- Photograph of spray sheet with spray deflecting stripe.  
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